Under anoxia a coordinated, cytoprotective program is induced, called the unfolded protein response (UPR). Activating transcription factor 4 (ATF4) is a mediator of the UPR and activates a gene expression program, promoting tumour growth and survival under anoxia. A key gene induced by ATF4 under normoxic conditions is SKIP3. We characterized the induction of SKIP3 during anoxic exposure to determine whether UPR alone was sufficient or there was a more complex regulatory response to anoxia. There was temporal separation of acute hypoxia-inducible factor (HIF)-1a-and chronic ATF4-dependent gene expression programs. SKIP3 was regulated by chronic (48 h) rather than acute anoxia (o24 h) by a complex set of pathways and mechanisms, besides ATF4 induced by the classical UPR, there was transcriptional regulation by nuclear factor-kappa B (NFjB) and RNA stabilization by HuR. Temporal activation of the NF-jB pathway under anoxia protected cells from negative consequences of the oxygen stress and involved the canonical signalling pathways that promote IjBA phosphorylation and degradation, and reduced mRNA level of the inhibitory protein IjBA followed by the translational repression of IjBA. We also show that SKIP3 acts as an inhibitor of NF-jB and ATF4-dependent transcription under anoxia and provides a regulatory feedback loop. Repression of the survival pathway NF-jB by SKIP3 sensitized cells to metabolic consequences of the anoxic stress. Thus, the response to anoxia is mediated by three pathways independently of HIF, suggesting that combined therapeutic approaches would be needed to maximize effects against this pathway.
Introduction
One of the characteristics of solid tumours is the presence of regions that are poorly oxygenated (Brown and Wilson, 2004) . This is associated with poor prognosis and chemo-and radio-resistance (Teicher, 1994; Evans and Koch, 2003) . Eukaryotic cells have developed several oxygen-sensing mechanisms. One of the best explored pathways is hypoxia-inducible factor 1 (HIF-1a) activated by a broad range of oxygen concentrations (Semenza, 2001) . HIF-1a switches on a mammalian gene expression program that protects cells from the damaging effects of oxygen stress. In addition to mild hypoxia, some tumours contain regions of severe hypoxia called anoxia (o0.01% O 2 ). Recent evidence suggests that anoxia is a functionally different state, highlighted by induction of different factors (Ameri et al., 2004) .
One of the consequences of anoxia is a decrease in protein synthesis (Koumenis et al., 2002) . Under anoxia cells encounter conditions that interfere with normal folding of proteins in the endoplasmic reticulum (ER). A coordinated, cytoprotective and HIF-1a independent program is induced, called the unfolded protein response (UPR) (Harding et al., 2000; Scheuner et al., 2001) . Translation of most mRNAs under anoxia is attenuated, however some transcripts are preferentially translated, including activating transcription factor 4 (ATF4) (Blais et al., 2004) . ATF4 is an integral part of the UPR and activates an integrated stress response, a gene expression program, including cytoprotective measures promoting tumour growth and survival under anoxia (Harding et al., 2003) .
One of these genes is SKIP3, an ortholog of the Drosophila tribbles, involved in slowing down cell cycle progression during development (Grosshans and Wieschaus, 2000) . It is a kinase-like protein but lacks an ATP-binding pocket of the serine/threonine kinase catalytic core. It was shown that in eukaryotic cells SKIP3 accumulated during chronic hypoxia and SKIP3 protein associated with both C/EBP-homologous protein/growth arrest and DNA-damage-inducible protein 153 (CHOP/GADD153) and ATF4 (Bowers et al., 2003; Ord and Ord, 2003; Ohoka et al., 2005) . Although the mechanism of hypoxic induction of SKIP3 was not known, SKIP3 was upregulated after stimulation with Thapsigargin, an inhibitor of ER Ca ATPase that promotes ER stress (Ord and Ord, 2005) by the ER-stress response elements in the SKIP3 promoter (Ord and Ord, 2003) . Knock-down of CHOP and ATF4 repressed tunicamycin-induced SKIP3 expression. In addition, SKIP3 downregulated the transcriptional activation of stress-regulated genes by a negative feedback on ATF4 and CHOP (Jousse et al., 2007) . SKIP3 mediates ER-dependent apoptosis and could be a link between ER stress-induced CHOP and cell death (Ohoka et al., 2005) . In addition, it was reported that SKIP3 could interact with mitogenactivated protein kinase kinases and inhibit their activity (Kiss-Toth et al., 2004) . SKIP3 also interacted with the nuclear factor-kappa B (NF-kB) protein p65 and inhibited p65 phosphorylation by the protein kinase A, which has been shown to regulate NF-kB activation (Wu et al., 2003) . Its knockdown sensitized cells to apoptosis induced by tumour necrosis factor through inhibition of antiapoptotic genes controlled by NF-kB. Because of these important roles and to understand further gene regulation pathways under anoxia, we investigated the mechanism of induction of SKIP3 under anoxia.
Results
Time course of expression of genes involved in the response to anoxia As the time course activation of different pathways during anoxic exposure is poorly characterized, we analysed the induction of several stress response genes during anoxic exposure of the MCF7 breast cancer cell line ( Figure 1a) . By western blotting, we determined that HIF-1a levels increased rapidly in response to acute anoxia with maximum induction after 2 h and gradually dropped to undetectable levels after 24 h. In contrast, temporal activation of SKIP3 and ATF3 increased gradually and reached maximum levels after 12-24 h of anoxia, while ATF4 and its downstream targets CHOP and GADD34 were induced after 24-48 h by chronic (>24 h) rather than acute anoxia (2-24 h). Figure 1 Induced expression of hypoxia-inducible factor-1a (HIF-1a), activating transcription factor 4 (ATF4), CHOP, SKIP3, GADD34 and ATF3 in response to anoxia in MCF7 cells: (a) levels of protein expression were measured by immunoblot analysis; (b) changes in RNA level of CHOP, BNIP3 and SKIP3 during exposure to anoxia. Relative mRNA levels were measured by quantitative PCR. Standard deviations are shown, n ¼ 3; (c) enhanced expression of SKIP3 in response to hypoxia did not require HIF-1a and HIF-2. MCF-7 cells were transfected with siRNA duplexes specific for HIF-1a and HIF-2 and exposed to anoxia. Level of HIF-1a, HIF-2 and SKIP3 protein expression were measured by immunoblot analysis. ATF4, activating transcription factor 4; HIF-1a, hypoxia-inducible factor-1a; siRNA, small interfering RNA.
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There was clear temporal separation of the induction of HIF-1a and ATF4 and their downstream genes. The BNIP3 mRNA transcript was induced after 6 h in a HIF-1a-dependent manner. In contrast, the level of CHOP mRNA followed the induction of ATF4 protein after 24 h as measured by quantitative reverse transcription (RT)-PCR (qPCR) (Figure 1b) . Interestingly, SKIP3 mRNA induction was observed much later, after 24 h, than the upregulation of the protein level, suggesting additional post-transcriptional mechanisms of SKIP3 expression. Analysis of the polysomal fraction of RNA showed no difference in the association with polysomes, suggesting that this was not due to an increase in translation (Supplementary Figure 1) .
Mechanisms of transcriptional induction of SKIP3 under anoxia
To investigate whether the expression of SKIP3 in response to anoxia was dependent on the prior induction of HIF-1a or HIF-2a, we inhibited the expression of each gene using synthetic small interfering RNA (siRNA) duplexes. There was no significant effect on the induction of SKIP3 (Figure 1c ). We used a luciferase (Luc) reporter gene containing the proximal promoter region of SKIP3 (Figure 2a ), pSKIP3-Luc (nucleotide position À1012, þ 465), including previously identified putative ER-stress responsive elements (Ord and Ord, 2005) and demonstrated that thapsigargin treatment caused a significant induction of SKIP3 (3.7-fold) (Figure 2b ).
To investigate further the mechanism of SKIP3 induction, we transiently transfected MCF7 cells with pSKIP3-Luc and exposed to anoxia (Figure 2c ). Only the 48-72 h chronic anoxia activated the SKIP3 promoter (1.7-and 7.8-fold, respectively), showing transcriptional induction during anoxic stress. This is in contrast to the early (12-24 h) induction of SKIP3 protein level, also suggesting other levels of gene regulation, besides transcriptional initiation under anoxia. MCF7 cells transiently transfected with the truncated pSKIP3DER-Luc construct (nucleotide position À836, þ 25) showed only marginal (1.2-fold after 48 h and 1.4-fold after 72 h of anoxia) level of activation, which indicated the importance of the ER-stress responsive elements in the anoxic induction of SKIP3.
The role of ATF4 in the anoxic induction SKIP3 To determine the role of ATF4 in the transcriptional induction of SKIP3, we transiently overexpessed ATF4 and measured SKIP3 promoter activity in the transfected cells (Figure 2d ). We demonstrated significant 9.7-fold activation of pSKIP3-Luc under normoxia. In addition, transient overexpression of ATF4 alone in normoxic cells efficiently induced the endogenous mRNA level of CHOP and to a lesser degree SKIP3 (1.7-fold) but still significant (Figure 3a) . Figure 2 Mechanisms of SKIP3 induction: (a) constructs of the SKIP3 promoter reporter genes. Position þ 1 demonstrates the initiation site for SKIP3 expression. Nucleotide position of predicted DNA-binding site for NF-kB/c-Rel À339 to À325, NF-kB/c-Rel À411 to À325, C-Rel À524 to À510 and ER-stress elements þ 201 to þ 312; (b) thapsigargin activates the SKIP3 promoter. MCF7 cells were transiently transfected with the SKIP3 promoter reporter construct pSKIP3-Luc and pGL3e control and induced with thapsigargin for 16 h; (c) exposure to chronic anoxia activates the SKIP3 promoter. MCF7 cells were transiently transfected with pSKIP3-Luc, pSKIP3DER-Luc, and pGL3e and exposed to anoxia for indicated period; (d) MCF7 cells were transiently transfected with the SKIP3 promoter reporter construct pSKIP3-Luc, the control vector pGL3e and the expression vector for ATF4 for 24 h. The Luc activity in cell lysates was measured and was normalized with Renilla-Luc activity. The standard deviations are shown, n ¼ 3. Asterisks indicate statistical significance in two-tailed t-test, ***Po0.0005. ATF3, activating transcription factor 3; ER, endoplasmic reticulum; NF-kB, nuclear factor-kB.
We used synthetic siRNA duplexes to inhibit ATF4 expression (Figure 3b ). MCF7 cells transiently transfected with siRNA specific to ATF4 and exposed to 24 h anoxia showed a significant 74% reduction of the CHOP level, and a significant 70% reduction of the SKIP3 level, as measured by qPCR. (Figure 3c ). The siRNA ATF4 knockdown cells showed significantly reduced protein levels of both CHOP and GADD34 after 24 h of anoxic exposure, and only weak reduction of SKIP3 protein under the same conditions. Interestingly, longer anoxic exposure (>48 h) caused partial inhibition of SKIP3 protein levels, indicating that ATF4 was integral for the late induction. To investigate further, whether SKIP3 activation under anoxia involved a direct binding of ATF4 protein to the proximal promoter, we carried out chromatin immunoprecipitation assay (ChIP) (Figure 3d ). PCR analysis revealed higher abundance of DNA from the SKIP3 promoter in sample isolated by immunoselection with ATF4 antibody from cells incubated under anoxia, as compared to normoxia and negative control antibody.
Rapid increase of the SKIP3 mRNA level was caused by the longer half-life of the anoxic transcript Interestingly, we observed that the anoxic increase of the SKIP3 mRNA occurred much earlier than the activation of the promoter. In addition, enforced overexpression of ATF4 under normoxia could activate the SKIP3 promoter much better than the endogenous SKIP3 mRNA. This prompted us to investigate whether the upregulation of SKIP3 was also due to increased Previously Hu-antigen R (HuR) was identified as a protein weakly upregulated under anoxia. We showed by western blotting that anoxia caused an elevated level Figure 4 SKIP3 mRNA was stabilized under anoxic conditions by mechanism involving HuR: (a) MCF7 cells were exposed to anoxia and treated or untreated with the inhibitor of transcription actinomycin D for indicated period. SKIP3 relative mRNA level was measured by quantitative PCR; (b) anoxia caused an elevated level of cytoplasmic HuR. Cytoplasmic and nuclear fractions were separated and protein levels of HuR, HDAC and b-tubulin were determined by immunoblotting; (c) MFC7 cells were treated with DMSO, DFO, CoCl 2 ardenite, MG132 and thapsigargin for 24 h. Cytoplasmic and nuclear fractions were separated, levels of HuR and b-tubulin were measured by immunoblotting; (d) MCF7 cells were either left under normoxia or incubated for 24 and 48 h under anoxia (bottom panel) and processed for immunofluorescent microscopy using antibodies specific for HuR, DAPI-nuclear counterstaining is shown; (e) MCF7 cells were transiently transfected with siRNA duplexes against HuR and incubated under anoxia for 24 or 48 h. Levels of HuR and SKIP3 were measured by immunoblotting; (f) relative SKIP3 mRNA level in HuR siRNAtransfected cells was measured by qPCR; (g) HuR and control scrambled siRNA-transfected cells were incubated for 48 h under anoxia and treated with actinomycin D for indicated period. Relative mRNA level of SKIP3 was measured by qPCR. The standard deviations are shown, n ¼ 3. Asterisks indicate statistical significance in two-tailed t-test (qPCR) and two-way ANOVA (RNA-stability assays), **Po0.005, ***Po0.0005. DAPI, 4,6-diamidino-2-phenylindole; DMSO, dimethylsulphoxide; HuR, Hu-antigen R; qPCR, quantitative reverse transcription-PCR; siRNA, small interfering RNA.
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T Rzymski et al of cytoplasmic HuR (Figure 4b ). There was no translocation of HuR in MCF7 cells treated with drugs known to activate HIF, generate free radical stress or prevent protein degradation, including deferoxamine, CoCl 2 , arsenite, MG132 and thapsigargin. (Figure 4c ). To investigate further this translocation under anoxia, we analysed the distribution of HuR by immunochemistry in MCF7 cells. We observed significant translocation of the nuclear HuR to the cytoplasm after 12 h of anoxic incubation and translocation of majority of HuR to the cytoplasm after 24 h of anoxia (Figure 4d ). HuR is an RNA-binding protein and it has been reported on several occasions that it could stabilize different mRNAs under hypoxia, including HIF-1a, vascular endothelial growth factor and ATF3 (Levy et al., 1998; Sheflin et al., 2004; Pan et al., 2005) . This prompted us to check whether HuR could contribute to the enhanced half-life of the anoxic SKIP3 transcript. We therefore used siRNA duplexes specific to HuR and determined SKIP3 protein and mRNA levels under normoxic and anoxic conditions (Figures 4e and f) . HuR knockdown cells expressed SKIP3 protein at a much reduced level ( Figure 4e ). Anoxic HuR knockdown cells also had significantly lower SKIP3 mRNA content (2.4-fold after 48 h of anoxia) as measured by qPCR (Figure 4f ). We also determined that the average half-life of the SKIP3 transcript in HuR knockdown cells under anoxia was 51% lower as measured by qPCR (Figure 4g ).
Induction of SKIP3 by the NF-kB pathway
Hypoxia activates the NF-kB pathway and we wanted to assess the contribution of this pathway in anoxia. We determined that activation of NF-kB pathway under anoxia involved multiple mechanisms (Figure 5a ). Analysis of MCF7 cells by western blotting showed rapid (2 h) phosphorylation of the inhibitory protein IkBA on residues 32 and 36 and degradation of IkBA and subsequent translocation of NF-kB p65 to the nucleus, followed by 3.2-fold activation of a NF-kB reporter gene after 48 h of anoxia, as measured by a Luciferase assay (Figure 5b ). Anoxia causes a decrease in the translation rate (Koritzinsky et al., 2006) and showed that 24 h anoxia led to the decreased expression of IkBA mRNA followed by the translational repression after 48 h, as evidenced by a decreased abundance in polysome-associated fractions (Figure 5c ). Anoxic induction of SKIP3 could be blocked by transient transfection with siRNA duplexes against IkBA kinases IKKA and IKKB (Figure 5d ). Inhibition of the individual kinases could partially block anoxic induction of SKIP3, while double IKKA, IKKB knockdown reduced SKIP3 protein level almost completely (Figure 5e ). In addition, anoxic induction of SKIP3 could be blocked partially by transient transfection with the dominant-negative form of IKKB (Figure 6b ). Similar results were obtained by using a synthetic peptide, a specific inhibitor of NF-kB p65 DNA binding, which blocked partially the anoxic induction of the SKIP3 promoter (Figure 6c ). Although we were unable to identify NF-kB responsive elements within the SKIP3 promoter, thapsigargin-induced expression of SKIP3 was also blocked by these inhibitors, as shown by a Luciferase assay using the SKIP3 reporter gene.
Functions of SKIP3 in anoxia
A previous study showed that SKIP3 interacted with the NF-kB protein p65 and inhibited p65 phosphorylation by the protein kinase A, which has been shown to regulate NF-kB activation (Wu et al., 2003) . It was also reported that SKIP3 could bind to p65 but did not repress nuclear translocation (Wu et al., 2003) . Thus, we next determined whether SKIP3 protein may have acted as an inhibitor of the NF-kB-dependent program of gene expression under anoxia. This could provide an additional silencing mechanism of NF-kB signalling under chronic anoxia. We transfected a NF-kB-Luc reporter gene together with siRNA duplexes against SKIP3 and subsequently exposed those cells to anoxia (Figure 6a ). Indeed, SKIP3 depleted cells showed an increased activation of the NF-kB reporter gene. Transient overexpression of the SKIP3 protein under normoxia significantly repressed activation of the NFkB-Luc reporter construct (Figure 6a ). Interestingly, there was no further repression of the NF-kB-Luc construct under 48 h anoxia by enforced overexpression of SKIP3. SKIP3 depleted cells also showed an increased activation of ATF4-dependent transcription, as measured by levels of GADD34 (Figure 6b ). In addition, transient overexpression of SKIP3 repressed induction of GADD34 after 48 h of anoxia (Figure 6b ).
SKIP3 sensitizes MCF7 cells to anoxic stress
Our data identify SKIP3 as a negative feedback regulator of NF-kB-and ATF4-dependent transcription. As SKIP3 inhibited both survival pathways, we investigated hypothesis that SKIP3 enhanced sensitivity of cancer cells to anoxic stress by using proliferation (Figures 7a and b) and clonogenic assays (Figure 7c) . Analysis of the siRNA-transfected MCF7 cells revealed that viability of SKIP3 knockdown cells exposed to anoxia was increased by 68 ± 15% (duplex 1) and 50±20% (duplex 2) after 48 h, as measured by MTS (Figure 7a ) and by live-cell protease activity (duplex 1 significantly by 67% after 48 h, P ¼ 0.01 and duplex 2 by 71% after 72 h, P ¼ 0.01; Figure 7b ), whereas normoxic cells remained unaffected. In contrast, cell viability decreased by 31% (P ¼ 0.08) in cells lacking IKKA and IKKB after 24 h anoxia (Figure 7b ). SKIP3 knockdown also increased the ability of cells to survive anoxic stress, as demonstrated by number of colonies visualized by crystal violet staining (Figure 7c ). We also compared anoxia-induced cell death in SKIP3 and SCR control siRNA-transfected cells under anoxia, as measured by protease activity released from cells having lost membrane activity (Figure 7d ). There was marked 37%, P ¼ 0.02 (duplex 1 after 72 h) and 46%, P ¼ 0.01 (duplex 2 after 48 h) decrease in cell death in SKIP3 siRNAtransfected cells. In contrast, cell death increased by 59% (P ¼ 0.008) in cells lacking IKKA and IKKB after 48 h (Figure 7d ).
Discussion
The severity of hypoxia and dynamic changes of oxygenation within tumours are highly variable, ranging from normoxic to completely anoxic. The biological implication of these variations is the differential activation of hypoxic and anoxic response pathways. We demonstrate here that the induction of HIF-1a and the UPR, highlighted by activation of ATF4 are temporarily separated, mainly reflecting the time for anoxia to develop and representing what may happen during vascular occlusion over a prolonged period. Acute anoxia in MCF7 cells was characterized by induction of HIF-1a protein and its targets such as BNIP3, whereas chronic anoxia (longer than 24 h) was associated with marked induction of the UPR, highlighted by ATF4 and its downstream target genes such as GADD34 and CHOP. Anoxia regulated expression of SKIP3 at both the protein and RNA level. The time point of SKIP3 mRNA accumulation overlapped with induction of the integrated stress response that in our conditions was switched on after 24 h of exposure to Figure 5 Mechanisms of induction of NF-kB pathway under anoxia: (a) MCF7 cells were exposed under anoxia for a given period of time. Nuclear and cytoplasm fractions were separated and protein levels of IkBA P32/36 , p65, HDAC and b-tubulin were measured by immunoblotting; (b) MCF7 cells were transiently transfected with a synthetic NF-kB-Luc-reporter construct NF-kB-Luc and control empty Luc construct and exposed under anoxia for a given period of time; (c) the relative mRNA level of IkBA was measured by qPCR using total and polysomal RNA isolated from MCF7 cells exposed under anoxia for a given period of time. SKIP3 expression is regulated by the NF-kB pathway: (d) MCF7 cells were transiently transfected with siRNA duplexes specific for IKKA and IKKB and exposed to anoxia. The relative mRNA level of SKIP3 was measured by quantitative PCR; (e) MCF7 cells were transiently transfected with siRNA duplexes specific for IKKA and IKKB and exposed to 48 h anoxia and reoxygenation, or transiently transfected with constructs expressing the dominant-negative form of IKKB and control plasmid and exposed to anoxia for 24 h. The level of SKIP3 protein was measured by immunoblotting; (f) MCF-7 cells were transfected with a SKIP3 promoter reporter construct pSKIP3-Luc or control plasmid pGL3e and exposed to anoxia for 72 h or left treated with thapsigargin. The transfected cells were treated with either p65 DNA-binding inhibitory peptide or a control peptide. The standard deviations are shown, n ¼ 3. Asterisks indicate statistical significance in two-tailed t-test, **Po005, ***Po0.005. Luc, luciferase; NF-kB, nuclear factor-kappa B; qPCR, quantitative reverse transcription-PCR; siRNA, small interfering RNA.
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Earlier studies showed that the SKIP3 gene was upregulated in several cell types under stressful conditions, including thapsigargin and arsenite treatments (Ohoka et al., 2005; Ord and Ord, 2005) , by a promoter segment consisting of 5 0 UTR with tandemly arranged 33-bp repeats that contained a composite ATF4/CHOP site; but whether this was the mechanism for anoxia was not known. We used the promoter region of the SKIP3 in a luciferase assay to demonstrate that anoxic stressdependent induction of SKIP3 occurred at the transcriptional level. In addition, we demonstrated that ATF4 was bound to the proximal SKIP3 promoter as measured in a ChIP assay. SKIP3 anoxic induction also depended on ATF4, although ATF4 alone was not sufficient to effectively induce SKIP3. SKIP3 was also regulated by post-transcriptional mechanisms because endogenous protein accumulated before mRNA level increased under anoxia. Our results are consistent with the work of Bowers et al. (2003) on hypoxic induction of SKIP3 in HT-29 and PC-3 cells. It was described that endogenous SKIP3 protein accumulated within 48 h under a hypoxic growth conditions with upregulation of the SKIP3 mRNA transcript by 72 h. However, this mechanism remains to be elucidated.
In this study, we showed that a further mechanism came into play involving increased mRNA stability of SKIP3 under anoxia. Our data therefore may explain the earlier induction of SKIP3 RNA under anoxia before activation of the promoter activity.
An important mechanism for post-transcriptional regulation is the control of cytoplasmic mRNA stability mediated by AU-rich elements in the 3 0 untranslated region (Chen et al., 2001) . HuR has been shown to exhibit AU-rich elements and poly(A)-binding capacity in vitro and regulates both the stability and cytoplasmic/ nuclear localization of mRNA species containing AUrich elements (Lopez de Silanes et al., 2004) . We showed that anoxia caused an elevated cytoplasmic level of HuR and that this pathway was exclusively induced under anoxia in an HIF1-and UPR-independent way. The demonstration that HuR indeed contributed to the increased expression of SKIP3 in anoxic cells was obtained through use of siRNA, which effectively reduced HuR expression and in turn caused marked decreases in SKIP3 translation, transcript abundance and transcript stability under anoxia. Taken together we demonstrated a major mechanism by which the SKIP3 mRNA content is increased following anoxic incubation of human MCF7 cells. HuR translocates to the cytoplasm under those conditions, and cytoplasmic HuR expression also correlated with a poor outcome for cancer patients (Atasoy et al., 1998; Nabors et al., 2001; Erkinheimo et al., 2003 Erkinheimo et al., , 2005 . HuR also regulates genes induced by HIF, such as vascular endothelial growth factor and HIF-1a itself, and thus may provide a pathway linking hypoxia and anoxia (Levy et al., 1998; Sheflin et al., 2004) . However the mechanism of the SKIP3 mRNA stabilization by HuR awaits further investigation.
Increasing evidence has emerged for another hypoxia responsive pathway involving NF-kB (Koong et al., 1994; Royds et al., 1998) . The transcription factor NFkB responds to various stresses stimuli including hypoxia, although the mechanisms of hypoxic induction are poorly understood. We characterized different mechanisms of induction of SKIP3 by NF-kB pathway under anoxia. The conventional mechanism of the activation is controlled by the association between NF-kB and its inhibitor IkBA. Phosphorylation of the inhibitor induces polyubiquitination and targets the IkBA molecule for degradation. We showed that exposure to anoxia rapidly led to a phosphorylation and then a reduced level of the inhibitory proteinIkBA. This was followed by NF-kB translocation to the nucleus and induction of transcription. Anoxiamediated NF-kB activity was induced through the canonical pathway involving serine phosphorylation of IkBA on residues 32 and 36.
Previously Imbert et al. (1996) showed that hypoxia and reoxygenation induced NF-kB activity by tyrosine phosphorylation of the cytoplasmic inhibitory subunit IkBA on residue 42, leading to dissociation of NF-kB from IkBA without phosphorylation on Figure 6 Inhibition of NF-kB-dependent transcription under anoxia by SKIP3, (a) NF-kB-Luc-reporter construct transfected cells were subsequently transfected either with siRNA duplexes against SKIP3 or with the construct pSKIP3 and incubated under anoxia or normoxia for 24 and 48 h. The Luc activity in cell lysates was measured and was normalized with Renilla-Luc activity; (b) MCF7 cells were transfected with siRNA duplexes against SKIP3 or with the construct pSKIP3 and incubated under anoxia or normoxia. Levels of GADD34 were measured by qPCR. The standard deviations are shown, n ¼ 3. Asterisks indicate statistical significance in two-tailed t-test, *Po0.05, **Po005, compared to the relevant control in each condition. Luc, luciferase; NF-kB, nuclear factor-kB; qPCR, quantitative reverse transcription-PCR; siRNA, small interfering RNA.
Regulation of SKIP3 under anoxia T Rzymski et al serine and proteolytic degradation of the inhibitor IkBA. This proteolysis independent mechanism of NF-kB activation under hypoxia was one of the earliest signalling pathways under hypoxia. Thus, the mechanisms regulating NF-kB in anoxia differs from that previously described in reoxygenation and hypoxia.
Previously hypoxia has been shown to activate the ER kinase PERK, leading to phosphorylation of eIF2a and inhibition of mRNA translation initiation (Koumenis et al., 2002) . Phosphorylation of eIF2a was central to activation of the NF-kB pathway during UPR (Deng et al., 2004) and correlated with decreased levels of the inhibitor IkBA protein.
In addition, we showed that under anoxia the NF-kB pathway is controlled by reduced expression of the RNA for the inhibitory protein IkBA followed by the translational repression of IkBA. Our studies therefore Figure 7 SKIP3 sensitized MCF7 cells to the metabolic consequences of the anoxic stress: (a) MCF7 cells were transiently transfected with siRNA duplexes against SKIP3 (SKIP3 1 and SKIP3 2 from Qiagene), control scrambled duplex SCR and Mock (nontransfected cells). 16 h later cells were seeded into 96-well plate (5000 cells per plate), we allowed cells to recover for 8 h and exposed to normoxia and anoxia for given period of time. Viability of cells was measured by MTS assay. The amount of 490 nm absorbance is directly proportional to the number of living cells in culture, n ¼ 16, standard deviations are shown; (b) IKKA þ B, SKIP3 (SKIP3 1 and SKIP3 2 from Qiagene) and control scrambled duplex SCR-transfected cells were exposed to normoxia or anoxia for a given period of time. Viability of transfected cells was measured by MuliTox-Fluor cytotoxicity assay (Promega). GF-AFC fluorescence is directly proportional to number of intact cells; (c) MCF7 cells were treated with siRNA targeting SKIP3 and control siRNA in culture medium for 24 h and then plated in triplicate at 20 000 cells per 10 cm Petri dishes. Following 24 h exposure to anoxia cells were removed and cultured for an additional 10 days under normoxia, at which time the colonies were stained with crystal violet; (d) R110 fluorescence level is directly proportional to dead cells that have lost membrane integrity, n ¼ 6, standard deviations are shown. SCR, SKIP3 and control siRNA; siRNA, small interfering RNA.
T Rzymski et al suggest a direct role of UPR for translational control in activating NF-kB during anoxia. Our data show that SKIP3 induction under anoxia was partly mediated by the NF-kB pathway increasing transcription of SKIP3. In further studies, we also revealed that anoxic signal leading to NF-kB dependent induction of SKIP3 was mediated by both kinases IKKA and IKKB. The recent description of modulation of IKKB by PHD1 is potentially compatible with this result, but does not explain the regulation of IKKA (Cummins et al., 2006) . In addition, we only saw induction with prolonged anoxia and activation did not follow the time course of HIF activation, also mediated by PHD inhibition.
We also found that SKIP3 acted as an inhibitor of NF-kB-dependent transcription under anoxia. Downregulation of SKIP3 elevated both the basal-and anoxia-induced NF-kB reporter activities. In contrast, NF-kB reporter gene activity was significantly inhibited by transient overexpression of SKIP3 only under normoxia, which could suggest that in anoxic cells the inhibitory activity was already maximally expressed. In addition, SKIP3 also acted as an inhibitor of ATF4-dependent transcription under anoxia. Similarly, recent studies have shown SKIP3 as a negative feedback regulator of the amino acid limitation induced ATF4-dependent transcription (Jousse et al., 2007) . Thus, collectively, our results indicated the existence of a negative feedback loop provided by SKIP3 that led to fine regulation and inhibition of NF-kB and ATF4 pathways under anoxia.
Although the NF-kB pathway and ATF4-dependent arm of the ISR promote several genes that enhance survival under anoxia, the ATF4-dependent transcription factor CHOP/GADD153 promotes cell cycle arrest and cell death. Prolonged anoxia promotes tumour cell toxicity and apoptotic death independent of HIF-1a status. Consistent with the inhibitory role of SKIP3 on the survival pathways such as NF-kB and ISR, we observed increased viability and decreased cell death of the SKIP3 knockdown cells under prolonged anoxia. Therefore collectively our data, together with previous observations, suggest that SKIP3 is involved in apoptotic death under conditions of prolonged anoxia when cells are eventually unable to correct irreversible damaging effects of oxygen stress.
In this study, we identified SKIP3 as a gene regulated under anoxia by a complex set of pathways and mechanisms, including ATF4 induced by the classical UPR, transcriptional regulation by NF-kB and RNA stabilization by HuR. The relative importance of these pathways varied in a highly reproducible time-dependent manner, emphasizing the complexity of coordination of the response to anoxia (Figure 8 ). Additional mechanisms of protein upregulation at early time points remain to be evaluated.
The further upstream mechanism of NF-kB activation under anoxia was also analysed and involved translational repression of IkBA, as well as its phosphorylation and degradation. The contribution of HuR to SKIP3 was greater than ATF4, but clearly activity of all three pathways was necessary for maximum induction. These observations extend previous analyses of SKIP3 regulation and show that several major pathways besides ATF4 are active in anoxia and mediate the response to anoxia, which is distinct from HIF regulation. The targeting of anoxic pathways upregulated in cancer will likely need multitargeted agents or combinations, and so ways to profile tumours for expression will need to be developed
Materials and methods

Cells
The human breast cancer cell lines MCF-7 and MDA-MB 231 were provided by Cancer Research, UK (London, UK). Cells were maintained in Dulbecco modified Eagle medium (with 4.5 mg/ml glucose) supplemented with 10% (vol/vol) fetal calf serum, penicillin (100 U/ml) and streptomycin (100 mg/ml), and 4 mM L-glutamine (Gibco, Paisley, UK).
Reagents and plasmids
Thapsigargin, MG132, deferoxamine and actinomycin D were from Sigma (Poole, UK), NF-kB P65 inhibitor peptide set-2 was from Imgenex (San Diego, CA, USA). The ATF-4 expression plasmid pCG-ATF-4 has been described previously (Liang and Hai, 1997) . A NF-kB-Luc reporter construct (pNF-kB-Luc) was obtained from Clontech (Palo Alto, CA, USA). SKIP3-Luc reporter constructs (pSKIP3-Luc and pSKIP3DER-Luc) were prepared by PCR amplification using following synthetic oligonucleotide pairs of primers: left 5 0 -ATGAGCTCGGCCACCCTCAGTCATGACGGAG and right 5 0 -AGAGATCTCCGGCCTCCGGGCGAGTCCG CAGGC; left 5 0 -ATGAGCTCGTGCTGGACGCCTAGGA CGCAG and right 5 0 -AGAGATCTCGGTGGCGCGATCT CGGCTCAC, respectively, digested with SacI and BglII and ligated into pGL3e vectors (Promega, Southampton, UK). The SKIP3 expression vector (pSKIP3) was prepared by PCR amplification using following synthetic oligonucleotide pairs of primers: left 5 0 -CTCGGATCCATGCGAGCCACCCCTCTG CCT and right 5 0 -GCGGCCGCCATACAGAACCACTTCT CTGTC, digested with BamHI and NotI and ligated into pCDNA3.1 vector. 0 -UCAAGUUGC UGGUCAUCAGdTdT, and the ATF4 sense and antisense-siRNA oligonucleotides: 5 0 -CCACGUUGGAUGACA CUUGdTdT; 5 0 -CAAGUGUCAUCCAACGUGGdTdT were purchased from Eurogentec. The SKIP3 Silencer Validated siRNA oligonucleotides, siRNA ID no. 1057 and the IKBKA and IKBKB Silencer siRNA oligonucleotides siRNA ID no. 147120 were purchased form Ambion. The HuR validated siRNA oligonucleotides, Hs_ELAVL1_1 HP and SKIP3 1 (Hs_TRIB3_5 HP), SKIP3 2 (Hs_TRIB3_6 HP) were purchased from Qiagen (for proliferation and clonogenic assay). Transfections of siRNA duplexes (final concentration of 20 nM) in Opti-Mem I (Invitrogen, Paisley, UK) were performed with cells at 30-40% confluency using 24 ml oligofectamine transfection reagent (Invitrogen). Transfections of DNA constructs were performed with Fugene-6 transection reagent according to the manufacturer's protocol (Roche Diagnostics, Basel, Switzerland).
Anoxic incubation
A humidified anoxic incubator-gloved box (InVivo 2 400; Ruskin, Leeds, UK) was used for anoxic experiments. The gas was sorted using a Ruskin Microaerophilic gas sorter, resulting in 5% H 2 , 5% CO 2 and 90% N 2 . Palladium catalysts were used to scavenge traces of oxygen. Anoxic conditions were controlled using an anaerobic indicator (Oxoid, Basingstroke, UK).
Immunoblot analysis
Cells were lysed in urea-denaturing buffer (6.7 M urea, 10 mM Tris-HCl, pH 6.8, 5 mM dithiothreitol , 1% SDS and 10% glycerol) supplemented with Complete mini-protease inhibitor cocktail tablets (Roche Diagnostics). Nuclear and cytoplasmic extracts were separated using NE-PER, Nuclear and Cytoplasmic Extraction reagents (Pierce, Rockford, IL, USA) according to the manufacturer's instructions. Cell lysates were resolved by SDS-polyacrylamide gel electrophoresis, electroblotted onto PVDF membrane (Millipore, Billerica, MA, USA) and probed by indicated antibodies: Rabbit polyclonal antibodies to ATF4, ATF3, CHOP/GADD153, GADD34 and goat polyclonal to HDAC were from Santa-Cruz Biotechnology (Santa Cruz, CA, USA), the rabbit polyclonal antibody to SKIP3 was from Abcam (Cambridge, UK), the monoclonal antibody to HIF-1a was from Signal Transduction Laboratories (Lexington, KY, USA), the monoclonal p65, phosphor and total IkBA were from Cell Signalling (Danvers, MA, USA), the mouse monoclonal antibody to HuR was from Zymed (San Francisco, CA, USA) and the b-tubulin antibody was from Sigma. ECL Plus system (Amersham Biosciences, Piscataway, NJ, USA) was used to visualize immunoreactive bands.
Real-time quantitative PCR
The methods used by us for extraction, quantification and evaluation of the quality of RNA were as previously described (Patel et al., 2005) . cDNA was synthesized by using the High Capacity cDNA Archive Kit (Applied Biosystems). qPCR assay and relative quantitation of gene expression were performed on the basis of the method described by Pfaffl (2001) . Eukaryotic b-actin mRNA was used as reference gene to normalize for differences in the amount of total RNA in each sample. All probes were purchased from Exiqon (Vedbaek, Denmark) (Mouritzen et al., 2003) (Supplementary  Table 1 ). All calculations were based on the mean value of PCR reactions performed in triplicate.
Polysomal fractionation and analysis
Polysomal fractionation and analysis were performed as described by Koritzinsky et al. (2005) .
Chromatin immunoprecipitation
Chromatin immunoprecipitation assay was performed using the EZ ChIP kit (Upstate, Charlottesville, VA, USA) according to the manufacturer's instructions. Briefly, the proteins were crosslinked to the DNA by adding paraformaldehyde to medium (final concentration 1%) for 10 min. DNA was sonicated to shear DNA to 200-800 bp average size. Sheared DNA was incubated with anti-ATF4 antibody (Santa-Cruz) and control normal mouse immunoglobulin G overnight at 4 1C followed by precipitation with protein G agarose for 1 h at 4 1C.
Proliferation MTS assay
Proliferation MTS assay was performed by using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (Promega) according to the manufacturer's instructions. The absorbance of the formazan at 490 nm was measured directly from 96-well assay plates without additional processing.
The multitox-fluor multiplex cytotoxicity assay The multitox-fluor multiplex cytotoxicity assay (Promega) was performed according to the manufacturers' instructions. Briefly, after addition of single reagent number of live and dead cell was measured simultaneously in culture wells by detecting live-cell proteases (GF-AFC permeable substrate) and dead-cell-proteases leakage into medium (cell-impermeant bis-AAF-R110 substrate).
Statistical analysis
All experiments were run in triplicate or quadruplicate, and each experiment was repeated 2 or 3 times. Data from RTqPCR were compared by t-test of treated versus control samples. RNA stability assays were compared by two-way ANOVA. The criterion for significance was a P-value o0.05 for all comparisons.
